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hemical Engineering Department, İzmir Institute of Technology, Gulbahce Koyu, Urla, İzmir 35430, Turkey
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a b s t r a c t

Monodisperse silica sols with well-defined spherical particles ranging in size from 5 to 310 nm were
prepared through Stober process. Both particulate and polymeric sol–gel routes were employed for
the preparation of stable silica sols. The use of polymeric species in combination with particulate sil-
ica spheres may allow the design of predefined membrane pore structures with high thermal stability
by cubic/random/close packing of monodisperse spherical particles incorporated into the polymeric net-
work. The size and volume content of spheres were varied in order to modify the consolidation behaviour
ilica membranes
ol–gel
ore structure
hermal stability
as permeation

of 2-structural silica membranes which would enhance the thermal stability. The low shrinkage level for
sphere loaded 2-structural systems compared to the pure polymeric counterparts might be explained by
the decrease in the structural free energy of the polymeric/particulate 2-structural system. The thermal
stability of the microporous membranes may thus be improved by incorporating particulates into the
polymeric network through the formation of a lower extent of thermally induced microcrack formation.

gh 90
50–4
The N2 permeation throu
were heat treated in the 2

. Introduction

The increasing demand on the preparation of thermally stable
icroporous membranes with high permeability and permselec-

ivity has led to renewed interest on controlling the membrane
ore structures. Because of the fundamental trade-off between
electivity and permeability for the polymeric membranes as well
s the low thermal stability, the use of sol–gel derived ceramic
embranes in gas separation applications have been extensively

tudied.
Polymeric and particulate structures can be obtained depending

n the sol–gel process parameters [1]. Pore structure of the partic-
late membranes is mainly determined by the size and the packing
ehaviour of the highly cross-linked particulates. A very sharp uni-
odal pore size distribution can be obtained if the particles are
ell-defined and monodispersed but the porosity of the membrane

s independent of the particle size as opposed to the membranes
erived from polymeric sols [2]. Close packing of monosize spheres

ields a porosity of 26% and two types of pores with radii of 0.225R
nd 0.414R for tetrahedral and octahedral sites, respectively [3].
he pore structure of a polymeric silica membrane depends on
he interpenetration of polymeric species which is limited by their

∗ Corresponding author. Tel.: +90 5325137502; fax: +90 2327506645.
E-mail addresses: bernatopuz@gmail.com, bernatopuz@iyte.edu.tr (B. Topuz).
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nm silica sphere added silica membranes remained constant when they
00 ◦C range indicating the stability of the pore network.

© 2009 Elsevier B.V. All rights reserved.

fractal dimensions. Low branched silica species can interpenetrate
during the gel collapse leading to microporous networks due to
the highly compacted structures while highly branched clusters
are not able to interpenetrate due to steric hindrance [4]. Microp-
orous silica membranes could be obtained from polymeric species
containing sols with fractal dimensions in the 1.7–1.8 range [5].

The design/stabilization of silica membrane pore structures by
the incorporation of transition metals has been recently studied
in order to improve the hydro/thermal stability of the mem-
branes [6–11]. Research on this subject is still in progress and it
is stated that the enhanced hydrothermal stability may be due
to the reduced motion of silanol groups through the formation
of more stable bonds and a denser pore structure with transition
metal addition. Boffa et al. [6] stated that the consolidation/packing
behaviour of silica network was modified by introducing Nb5+ ions
and the niobia–silica mixed oxide membrane became denser due
to the increasing coordination between Nb5+ and oxygen ions in
the polymeric silica network. The close relationship between the
niobia–silica sol structure and the final membrane pore struc-
ture/microstructure was established by the DLS characterizations
during sol species growth/structural development and was further
shown by their He and H2 permeation differences. Mechanically

and structurally stable microporous silica membranes have been
prepared by sol–gel process by the incorporation of boron into
the silica network [8]. The degree of cross-linking was reduced by
the addition of B2O3 that allows the formation of thin silica layers
with microporosity and low defect density because of flexibility

http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:bernatopuz@gmail.com
mailto:bernatopuz@iyte.edu.tr
dx.doi.org/10.1016/j.memsci.2009.12.010
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f the layer. The He permeances of the 10%-B2O3 containing sil-
ca membranes were found as 1.0 × 10−10 kmol/(Pa m2 s) at 300 ◦C

ith He/CO2 selectivities of 55.
The use of polymeric species in combination with particu-

ate silica spheres may allow the design of predefined membrane
ore structures with high thermal stability by cubic/random/close
acking of monodisperse spherical particles incorporated into
he polymeric network. This proposed approach for tailoring the
ilica membrane pore structure can enhance the microstruc-
ural development by preventing the collapse of the pore
tructure and can obviously reduce the shrinkage caused by
tructural relaxation of the continuous polymeric network. In
ddition, the close control of the sol–gel process with a better
nderstanding of the species/particulates/microstructure rela-
ions would make the design of membranes with well-defined
ore structures possible with the necessary separation capabili-
ies.

This study deals with the synthesis and structural/gas per-
eation properties of sol–gel derived microporous polymeric/

articulate silica membranes with controlled pore structures on
op of a macroporous slip-cast alumina support with intermedi-
te gamma alumina layers. The relation between the sizes and the
olume percent of the spherical particulates in the polymeric net-
ork for the preparation of controllable microporous 2-structural
embrane layers with desired thermal stabilities was also investi-

ated.

. Materials and methods

.1. Sol preparation

Size controlled monodisperse particulate silica sols with sizes
n the 5–310 nm ranges were prepared by using the Stober process
12]. Particulate silica sols were synthesised in excess of water with
nal molar TEOS:NH3:H2O:EtOH ratio of 1:0.085–4.30:53.6:40 at
0 ◦C for 3 h under constant stirring. The pH of the prepared
ol was varied in the 9.5–2 range to observe the change in
acking behaviour of the sol particles and the resulting pore struc-
ures.

Polymeric silica sols were prepared by acid catalysed hydrolysis
nd condensation of tetraethylorthosilicate (TEOS; 98%-Aldrich) in
thanol (99.8%-Riedel). Predetermined water and nitric acid solu-
ions were added drop-wise to the TEOS/ethanol mixture placed
n an ice bath to prevent partial hydrolysis as recommended by de
os and Verweij [13]. After the addition was completed, the reac-

ion mixture was heated to 60 ◦C for 3 h under constant stirring in
glove box. The standard silica sol molar TEOS:HNO3:H2O:EtOH

atio was 1:0.085:6.4:3.8 [13,14].
The 2-structural sols were prepared by mixing monodisperse

ilica spheres with different diameters and appropriate surface
roperties with polymeric silica sols. The presence of the spheres
as expected to modify the consolidation behaviour and decrease

he level of microcrack formation improving the thermal stability of
he membranes. The volume fraction of the spheres was varied from
% to 74% for 5, 30, 90, 220 and 310 nm spheres. The membranes
ere coded according to their volume fraction and the sphere size

s sp(vol%)-Dnm as shown in Fig. 1.

.2. Support preparation
The slip-cast �-Al2O3 support discs (40 mm in diameter and
mm in thickness) were consolidated from PAA (poly-acrylic-acid)

tabilized 15 vol% alumina suspensions (AKP-50, Sumitomo Pow-
er) and cast supports were heat treated at 1150 ◦C for 3 h with a
eating rate of 10 ◦C/min. �-Al2O3 intermediate layers were pre-
Fig. 1. Preparation of 2-structural polymeric/particulate sols.

pared by repeating the dipping–drying–heat treatment steps three
times using diluted colloidal boehmite sols (withdrawing speed
of 200 mm/min and a dipping time of 10 s) with different particle
sizes. Membranes were dried for 3 h at 40 ◦C at a relative humidity
of 60% (Binder-KBF 115, Constant Climate Chamber), and subse-
quently heat treated at 500 ◦C with heating and cooling rates of
1.5 ◦C/min [15].

2.3. Membrane formation

Polymeric/particulate 2-structural silica sols have been coated
on mesoporous �-alumina intermediate layers by dip coating tech-
nique with a typical withdrawing speed of 100 mm/min and a
dipping time of 5 s. Drying was conducted at 40 ◦C at a relative
humidity of 60% for 3 h (Binder-KBF 115, Constant Climate Cham-
ber) and heat treatment was carried out in the 50–400 ◦C range for
2 h with heating and cooling rates of 1.5 ◦C/min. The preparation
conditions were kept identical for the unsupported membranes
used for the membrane characterizations.

2.4. Membrane characterization and gas permeation
determination

Dynamic light scattering (DLS) was used to determine the par-
ticle size distributions in the particulate sols (ZetaSizer 3000 HS,
Malvern). The surface area, pore volume and the pore size distri-
butions of the unsupported membranes were obtained from the
N2 sorption isotherms (Micromeritics, ASAP 2010). The micropore
sizes and volumes were determined with the Horvath–Kawazoe
(H–K) and MP methods while Barreth–Joyner–Hallender (BJH)
method was utilized for the calculation of the mesopore sizes
and volumes. Microstructural characterization of supported mem-
branes was performed by scanning electron microscopy (Philips
XL30 SFEG SEM) and atomic force microscopy (AFM, Digital
Instruments-MMSPM, Nanoscope IV). TGA (TGA-51/51H, Shi-
madzu) was used for thermal behaviour characterization where
the samples were heated at a rate of 10 ◦C/min up to 1000 ◦C. The
densification behaviour of the silica membranes were investigated
by dilatometric measurements (Linseis, L76/150B) with a heating
rate of 5 ◦C/min up to 1300 ◦C. The unsupported membranes were
consolidated by uniaxial pressing under a pressure of 180 MPa for
dilatometric measurements. The density of 310 nm spheres was
determined by a helium pycnometer (Quantachrome, Ultrapyc-
nometer 1000).

Gas permeation determination of pure gases including N2, O2
and CO2 was conducted on a pressure controlled dead-end mode
membrane test system in the 25–120 ◦C temperature range. The
permeate side of the membrane was maintained at atmospheric

pressure while four different pressures (2–3.5 atm) were applied on
the feed side. After ensuring the permeance values were pressure
independent, the permeance data were obtained and utilized for a
constant transmembrane pressure of 1 atm.
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. Results and discussion

.1. Particle size and pore structure determination

The close control of sol–gel process parameters may provide the
bility of precise control of the sphere size in a relatively wide range.
he decrease in ammonia concentration decreased the sphere size
ue to the extended nucleation period. The particle size distribu-
ions of sols with corresponding SEM micrographs are shown in

ig. 2 indicating the high degree of monodispersity of the spheres.

The surface topography of the uncalcined supported membrane
ormed from a 5 nm particulate silica sol consolidated at pH 9.5 was
haracterized by AFM as shown in Fig. 3. Fig. 3(a) is the 2D image
f the surface with a scan size of 750 nm × 750 nm while Fig. 3(b)

ig. 2. Size controlled monodisperse silica spheres (a) particle size distributions, SEM micr
50k×).
brane Science 350 (2010) 42–52

is the surface height image showing a three-dimensional view of
the membrane surface. The randomly packed particulates with an
approximate size range of 5–10 nm which is nearly close to the
particle size of the original sol determined by DLS (Fig. 3(c)) can be
clearly seen in the AFM images.

The N2 adsorption/desorption isotherms of the unsupported sil-
ica membranes heat treated at 400 ◦C are shown in Fig. 4. The effect
of sol pH on the packing of 5 nm particles and the changes in the
pore structure of the membrane are clearly evident in this figure.

The shape of the isotherms as well as the amount of adsorbed
volume drastically changed upon the change in surface charge
of the particulates indicating significant affects on their packing
behaviour and pore structure of the xerogels/unsupported mem-
branes. The physisorption isotherm of particulate silica membrane

ographs of (b) 310 nm (20k×) (c) 310 nm (50k×), (d) 220 nm (50k×), and (e) 110 nm
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Fig. 3. AFM images of uncalcined silica membrane on support (a) 2D, (b) 3D, and (c) DLS particle size distribution of sol.
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Fig. 4. N2 adsorption/desorption isotherms of 400 ◦C treated membranes con

s of Type IV with H2 hysteresis loop except the unsupported mem-
ranes prepared by the sol with pH 2.7 and pH 3.5. H2 hysteresis

oop is characteristic for a mesoporous material consisting of spher-
cal particles with “ink-bottle” type pore shape where pore cavities
re larger in diameter than the throats [16]. Substantial amount
f adsorption at low relative pressures indicates the presence of
dditional microporosity. The narrowing of hysteresis loop for the
embrane corresponding to the sol with pH 1.9 when compared

o pH 9.5 sol may result from the increase in connectivity and
he decrease in tortuosity of the pore network [17]. A change of
sotherm to Type I for the membranes derived from sols with pH
.7 and pH 3.5 is the evidence of the increased level of microporosity
ith a more uniform pore structure.

The influence of pH on the aggregation kinetics and the packing
ehaviour of the particles upon heat treatment have been elu-
idated for the particulate silica system [2,16,18]. The structural
roperties of 400 ◦C heat treated membranes consolidated from
articulate sols with different pH and the theoretical pore/throat

izes for 5 nm sphere packings are summarized in Tables 1 and 2,
espectively. The change in porosity with pH of the sol indicates
he change in packing behaviour of particles during the consoli-
ation as shown in Table 1. The porosity was calculated from the
JH cumulative pore volume for Type IV isotherms while the H–K

able 1
he effects of pH on pore structure of 400 ◦C heat treated unsupported membrane.

pH Surface area (m2/g) Porosity Pore size (nm)

BET Langmuir H–K BJHDes MP

1.9 623.1 865.9 0.49 0.85 3.3 1.7
2.7 594.2 854.7 0.32 0.87 2.5 1
3.5 638.3 921.5 0.34 0.79 2.3 1.1
9.5 664.9 892.5 0.56 0.81 3.8 2
ted from particulate sol with (a) pH 1.9, (b) pH 2.7, (c) pH 3.5, and (d) pH 9.4.

pore volumes were used for Type I isotherm. A porosity of 0.32 was
calculated by combining corresponding pore volume with a skele-
tal density of 2.08 g/cm3 (determined for 310 nm spheres) for SiO2
unsupported membrane derived from the sol with pH 2.7. Random
close packing with a distribution of particle sizes typically yields a
porosity of 0.36 [19]. The H–K pore sizes determined for the unsup-
ported membranes consolidated from the 5 nm sphere sols with
pH 2.7 and pH 3.5 compared quite well with the geometrically cal-
culated throat sizes of about 0.77 nm for close packed structures.
As indicated in Fig. 5(a), pore size distribution of the unsupported
membrane consolidated from polymeric sol is quite narrow with
a maximum at about 0.6 nm. The pore size distribution of the par-
ticulate silica membrane is much broader with a slight shift in the
maximum pore diameter as shown in Fig. 5(b). The increase in pore
size of the highly basic sol consolidated membrane given in Table 1
most probably is due to the change in the packing and gelation
behaviour of the sol particles. The porosity of the membranes con-
solidated from pH 9.5 sol was approximately between the cubic
and tetragonal packing with decrease in the coordination number.
The BJH pore size was very close to the throat sizes of 3.66 nm for
tetrahedral packing.

The membrane consolidated from pH 1.9 sol had almost simi-
lar packing behaviour to the cubic packing and its corresponding
theoretical pore size of 3.66 nm was found to be very close to the
BJH pore diameter of the membrane. For the three closest pack-
ing types, the sizes of the inscribed spheres in the cavities might
be represented by MP pore sizes while the H–K pore sizes are
very close to the corresponding geometrical throat sizes. BJH pore

diameter for the mesoporous network almost compares quite well
with the cavity sizes in the low density orthorhombic, cubic and
tetrahedral packing types. These two tables indicated that, the con-
sideration of all N2 sorption isotherm based pore size calculations
and theoretical model outputs may make it possible to obtain a
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Table 2
Theoretical pore/throat sizes of 5 nm spheres.

Packing type CN Porosity (%) D of sphere inscribed in cavities (nm) D of sphere inscribed in throats (nm)

Hexagonal close packed 12 25.95 1.12 (tetrahedral)2.07 (octahedral) 0.77
Tetragonal 10 30.19 1.45 0.77–1.32
Body centered cubical 8 31.98 1.45 1.12
Orthorhombic 8 39.54 2.63 0.77–2.07
Cubic 6 47.64 3.66 2.07
Tetrahedral 4 66.00 5 3.66

embrane consolidated from (a) polymeric sol and (b) 5 nm particulate sol of pH 2.7.
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ity to design controllable microporous membrane structures with
high surface area and total porosity through 2-structural sol–gel
processing. The differences in pore structure properties are sum-
marized in Table 3.
Fig. 5. H–K pore size distribution of 400 ◦C heat treated silica unsupported m

etter description of the pore structure in these sol–gel derived
nterconnected networks.

The substantial increase in porosity indicates the presence of
oosely packed spheres with larger pores. Therefore, the change in
H of the particulate silica sols may make the design of the pore
etwork possible for a specific desired application. The effect of pH
n the packing of xerogels other than hydrolysis and condensation
eactions has been related to the dependence of solubility on sol
H [20]. At high pH values where the particulates may have a high
olubility more porous structures are obtained due to the growth
f necks. Pore network stiffens and may resist shrinkage by capil-
ary forces during drying. On the other hand, at low pH necking is
etarded because of low dissolution–reprecipitation rate leading to
ner pore network and denser structures are obtained.

Type I isotherms for pH 2.7 and pH 3.5 could also be the result
f the stability of the sol before the deposition which would lead
o the formation of nearly close packed structures. It was reported
hat the point of zero charge of Si–OH containing species is between
H 1.5 and pH 4.5 depending on the condensation rate. Tempo-
ary stability is at a maximum at the point of zero charge (pzc)
ith the longest gelling time, in contrast to other metal oxides,

ecause of the polymerization characteristics of the gel [21]. Since
cid or base catalysis accelerates the condensation rate of Si–OH
roups between the particles gelation necessarily occurs beyond
he pzc. The surface charge is too small to provide efficient repul-
ion between the particles at pH values smaller and larger than
zc.

The control of microstructure of membranes by altering the
acking characteristics of polymeric species and particulates as
ell as their extent of evolution upon drying simultaneously can
rovide a porous network with a percolative structure in micro-
orous range. The mixture of polymeric silica sol and particulate
ilica sol (pH 2.7) with particles 30 nm in size was utilized for the
ormation of unsupported membranes. Fig. 6 obviously indicates

hat the packing of 65 vol% 30 nm spheres in polymeric silica sol
ffects the pore network significantly with improved properties.
lthough small increase in H–K pore size (Fig. 7) was observed,

he porosity and the surface area of the unsupported membrane
ncrease considerably. This result indicated the presence of the abil-
Fig. 6. Effect of 30 nm sphere addition in polymeric network on N2 sorption
isotherms of 400 ◦C heat treated membranes.
Fig. 7. H–K pore size distributions of 400 ◦C heat treated polymeric and 2-structural
particulate/polymeric membranes.
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Table 3
Effect of the combined use of both particulate and polymeric systems on the pore
structures.

H–K pore
diameter (nm)

Langmuir
S.A. (m2/g)

BET S.A.
(m2/g)

Porosity (%)

Si-Std 0.61 487 328 26
Sp65-30 nm 0.69 1025 683 34

Fig. 8. Effect of 5 nm sphere addition in polymeric network on N2 sorption isotherms
of 400 ◦C heat treated 2-structural membranes.

Table 4
Effect of 5 nm sphere addition on the pore structure of 2-structural silica membranes.

H–K pore
diameter (nm)

Langmuir
S.A. (m2/g)

BET S.A.
(m2/g)

Porosity (%)

Si-Std 0.61 487 328 26
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polymeric network is shown in Fig. 10. These samples were con-
Sp25-5 nm 0.69 549 371 29
Sp45-5 nm 0.76 449 300 25
Sp74-5 nm 0.73 380 249 22

The change in membrane pore structure upon the addition of
nm spheres is given in Fig. 8. Decrease in volume content of

pheres caused an increase in the amount of adsorbed N2 indicat-
ng a more porous structure. Although microporous structure with
ype I isotherm was conserved upon the addition of spheres, pack-
ng of 5 nm spheres in the polymeric network resulted in a denser
tructure compared to the pure polymeric network. The porosity
as a tendency to decrease with increasing sphere content as indi-
ated in Table 4. On the other hand, the packing of 25 vol% spheres
esulted in a more open structure with high surface area suggest-
ng that a stiffer pore network was obtained by the incorporation

f spheres. The corresponding relatively higher porosity might also
e related to the level of interpenetration of polymeric species due
o the incorporation of small spheres into the microporous net-
ork without the generation of pores in the mesoporous range. The

Fig. 9. Thermal behaviour of polymeric and colloid
brane Science 350 (2010) 42–52

incorporation of higher volume content of small spheres into the
microporous network may cause the formation of relatively denser
layers due to the modification of pore networks.

3.2. Thermal/densification behaviour of unsupported membranes

Differences in thermal and densification behaviour of pure poly-
meric and 310 nm particulate silica based unsupported membranes
are given in Fig. 9. The total weight loss was about 10% for spheres
and 15% for the polymeric silica upon heat treatment up to 1000 ◦C.
Considerable weight loss is observed up to about 150 ◦C, which can
be attributed to the evaporation of water and ethanol. Between
150 and 400 ◦C mostly removal of organics and further polymer-
ization of the silica network may be responsible from the weight
loss. The small weight loss observed above 400 ◦C might be related
to the removal of surface OH groups. Base catalysed reactions result
in particulate structures which may have less entrapped organics
compared to the acid catalysed systems consisting of linear, slightly
cross-linked polymeric clusters. This relatively large weight loss
observed above 200 ◦C for the pure polymeric membrane may be
caused by the presence of significant number of chemically bound
alkoxy groups because of the re-esterification reactions occurring
during drying. It was reported that polymeric structures show
enhanced densification at lower temperatures due to the removal
of alkyl groups by condensation [22,23]. Structural relaxation and
micropore collapse both combined with additional cross-linking
might be expected to produce denser structures at lower temper-
atures because less hydrolysed species form in the acid catalysed
polymeric systems [23].

The acid catalysed polymeric species has a significantly higher
dimensional shrinkage than those for base catalysed spheres up
to 1000 ◦C as shown in Fig. 9(b). The differences in cross-linking
behaviour of the two systems might be the cause of considerable
differences in densification behaviour that might be related with
the initial sol–gel chemistry as well as the particle size. It was
reported that a temperature of approximately 1050 ◦C was required
to densify the base catalysed systems while a temperature of 700 ◦C
was needed for polymeric gels [22]. It was claimed that in polymeric
systems, the gel to glass transition occur due to the combination of
silanol ( Si–OH) groups on the surface of the pores, releasing H2O
and forming Si–O–Si bonds. On the other hand, sintering by viscous
flow was assumed to be effective for the base catalysed systems
[22,23].

The decrease in densification rate at lower temperatures upon
the addition of 5 nm spheres with different contents into the
solidated by cold isostatic press (CIP) at a pressure of 200 MPa
before dilatometer measurements and had about 65% green den-
sity. Almost constant shrinkage values were obtained up to 1000 ◦C
for sphere incorporated structure but between 1000 and 1200 ◦C

al silica: (a) TGA and (b) dilatometric curves.
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The N2 permeance values through sp10-90 nm membrane,
in contrast to sp10-310 nm membrane, remained constant at
about 5 × 10−8 mol/m2 s Pa when heat treatment temperature in
250–400 ◦C range was applied indicating the stability of pore net-
ig. 10. Effect of sphere addition on densification behaviour of unsupported 2-
tructural polymeric/particulate silica membranes.

he packing of 25 vol% of spheres resulted in the lowest densifica-
ion rate. Since viscous sintering is the dominant mechanism for
he base catalysed system, higher amount of spheres in the poly-

eric network might increase the contribution of viscous sintering
ausing higher shrinkage values in the 1200–1300 ◦C temperature
ange.

The control of microstructural evolution during heat treatment
as great importance for the prevention of microcrack formation
n the selective thin membrane layers formed at 400 ◦C for 2 h on
amma alumina intermediate layers. The microstructural develop-
ent during heat treatment involves the removal of solvent and/or

rganics, partial densification of the solid silica network as well as
he heating stresses leading to significant volume shrinkages and

icrocrack formation. The dilatometer measurements were also
erformed for both particulate and polymeric unsupported mem-
ranes as well as the 2-structural polymeric/particulate systems
p to 1300 ◦C with 2 h holds at 400 ◦C in order to understand the
ensification behaviour/structural development. The main expec-
ation for the incorporation of particulates into the polymeric
tructures was that this could stabilize the membrane pore net-
ork by slowing down the densification process during structural
evelopment. The determination of the densification behaviour
hrough dilatometric measurements may give the first insight on
his phenomenon. The packing of pure 5 nm spheres gave enhanced
tability because of high degree of cross-linking as compared to
he acid catalysed polymeric system as shown in Fig. 11. On the
ther hand, the incorporation of more highly cross-linked spheres
nto the polymeric network prevented sharp increases in shrinkage
evels due to the structural relaxation and continuing cross-linking

f the polymeric structure. Although the packing of 74 vol% of
pheres provided enhanced stability up to 300 ◦C, at the end of
he 2 h at 400 ◦C, sp25 had the lowest shrinkage value. This might
e related to the stiffening of the pore network as confirmed by

ig. 11. Effect of 5 nm sphere addition on linear shrinkage levels of unsupported
olymeric/particulate 2-structural silica membranes.
Fig. 12. Effect of 220 nm sphere addition on linear shrinkage values of unsupported
2-structural polymeric/particulate silica membranes.

high level of porosity from the N2 adsorption–desorption analy-
sis.

The packing of large spheres with lower contents also stabilized
the pore network up to 400 ◦C as compared to the pure polymeric
silica network as shown in Fig. 12. The changes in the densifi-
cation behaviour upon the addition of 10 vol% 220 nm spheres
might be caused by the decrease in structural free energy of poly-
meric/particulate system which in turn decreases shrinkage due to
structural relaxation [16].

3.3. Gas permeation
Fig. 13. (a) N2 permeances through sp10-90 nm, sp10-310 nm, and polymeric mem-
branes, and (b) SEM micrograph of top surface of 150 ◦C treated sp15-90 nm.
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ig. 14. Effects of sphere concentration on N2 permeances through 220 nm sphere
oaded 1-layer silica membranes.

orks as shown in Fig. 13(a). SEM micrograph of the top surface of a
50 ◦C treated sp15-90 nm silica membrane is shown in Fig. 13(b).
here are no apparent cracks and pinholes on membrane sur-
ace accompanied by homogeneously distributed mono size silica
pheres.

The effect of heat treatment and sphere content on N2 perme-
nce values of 220 nm loaded 1-layer silica membranes is shown
n Fig. 14. The 10 vol% 220 nm loaded silica membranes were pre-
ared with same concentration but with different diluting medium.

lthough the nitrogen permeance value through the ethylene gly-
ol diluted 10 vol% loaded membrane remained nearly constant up
o 250 ◦C, the significant increase in permeance values upon heat
reatment to 400 ◦C could not been prevented by the addition of

ig. 15. Temperature dependencies of the O2, N2 and CO2 permeances of 2-layer (a) sp5-
brane Science 350 (2010) 42–52

220 nm spheres into polymeric silica network as shown in Fig. 14.
The thermal stability of pore network up to 250 ◦C might be pro-
vided by the organically bounded species that suppress the stress
induced cracking on membrane surface by increasing toughness of
film [24]. The removal of organic moieties might result in increase in
permeance values by either formation of large pores or microcracks
on surfaces.

The temperature dependencies of the O2, N2 and CO2 perme-
ances of 2-layer (a) sp5-220 nm, (b) sp10-220 nm, (c) sp10-220 nm
(EG) and (d) Si-std silica membranes are shown in Fig. 15. Although
the ideal selectivities of gases remained nearly constant upon the
addition of spheres into the polymeric matrix, the permeance val-
ues decreased significantly that might be due the formation of a
denser pore structure. In contrast to sp5-220 nm and sp10-220 nm
membranes, the N2 and O2 permeances through sp10-220 nm
membrane consolidated from ethylene glycol diluted sol increased
up to 350 K and stayed constant up to 400 K but the CO2 perme-
ance remained almost constant with increasing temperature. The
increase in permeance values with increasing temperature leads to
positive activation energy indicative of activated transport mecha-
nism through the microporous selective layer [14,25]. The positive
activation energy might be caused by either the formation of organ-
ically bound species due to utilizing ethylene glycol as a dilution
medium that prevents the formation of microcracks on membrane
surface or lower drying stress caused by slow drying in the course
of ethylene glycol evaporation that might result in microcrack free
membrane surface. A relatively high ideal selectivity of CO2/N2 (3.5)
was also obtained for sp10-220 nm (EG).

The activation energy for permeation (combination of heat
of sorption and activation energy for micropore diffusion) can
be obtained by the following modified Fick’s law equation
[6,13,14,25,26]:

−Ea �P
RT L

where J is flux (mol/m2 s), Jo is temperature independent coeffi-
cient, Ea is apparent activation energy (kJ/mol), �P is pressure
difference across the membrane, L is membrane thickness, T is tem-

220 nm, (b) sp10-220 nm, (c) sp10-220 nm (EG) and (d) Si-std silica membranes.
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Fig. 16. Arrhenius plots of the N2 permeances through sp10-220 nm membranes.

F

p
t
b
d
f
b
a
d
e
A
b
a
s

o
d
t
T

Fig. 19. Arrhenius plots of the permeances (P/l) of N2 and CO2 through sp5-5 nm
sphere loaded membranes.
ig. 17. SEM micrograph of sp74-5 nm silica membrane top surface (200k×).

erature and R is the gas constant. Fig. 16 shows Arrhenius plots of
he N2 permeances through 2-layer 220 nm sphere loaded mem-
ranes. Apparent activation energies of −3.4 and 17 kJ/mol were
etermined for sp10-220 nm and sp10-220 nm (EG), respectively,
or nitrogen permeances. A negative value of Ea is generally caused
y strong adsorption of the molecule on the pore surface as well
s the contribution of Knudsen flow due to the inverse depen-
ence of permeance on temperature in Knudsen diffusion. Nair
t al. [27] reported that N2 permeation is not always activated.
lthough the minus activated energy for N2 has been also reported
y Richard et al. [28], for microporous silica membrane, Benes et
l. [25] found activation energy of ∼6 kJ/mol for 400 ◦C heat treated
ol–gel derived microporous silica membrane.
The membrane structure was also designed by incorporation
f 5 nm sized spheres into polymeric structure with low fractal
imension as compared to colloidal particles. SEM micrograph of
he top surface of sp74-5 nm silica membranes is shown in Fig. 17.
here is no evidence of the formation of cracks on the membrane

Fig. 18. Temperature dependence of 2-layer 5 nm sphere loa
Fig. 20. Comparisons of CO2 permeance activation energy versus CO2 permeance
values with literature values for silica membranes.

surface and 5 nm spheres have distributed uniformly into the poly-
meric silica matrix.

Permeances of N2 and CO2 at different temperatures through
2-layer membranes with 5 nm spheres at various volume contents
are given in Fig. 18. Although inverse temperature dependencies
were found for 74 and 55 vol% loaded membranes, the perme-
ances through sp5-5 nm membranes remained almost constant
with small increase in the 360–385 K temperature range indicating
activated diffusion. The Arrhenius plots of N2 and CO2 permeances
are given in Fig. 19 and activation energy of N2 and CO2 was found

as −2 and 2 kJ/mol, respectively.

The literature values [6,13,14,28–32] given in Fig. 20 indicate
either positive activation energies for CO2 permeance or negative
values as well as the non-activated permeance as those in the study

ded silica membranes: (a) N2 and (b) CO2 permeances.
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f Uhlhorn et al. [29]. CO2 transport but also has found as activated
ith activation energy of 10 kJ/mol by changing synthesis condi-

ion [29]. The largest negative value was reported by Boffa et al.
6], for niobia–silica membranes with the lowest permeance val-
es because of strong interaction between CO2 and the pore wall.
he value calculated for sp5-5 nm silica membranes is comparable
ith those reported in the literature.

. Conclusions

In order to control membrane pore structure and consolida-
ion behaviour, silica spheres with various sizes and at different
olume contents were incorporated into polymeric acid catalysed
tructures. This was done for the formation of stiffer 2-structural
embrane structures which were expected to have lower shrink-

ges upon heat treatment. Percolative structure of sphere packing
as complemented with the interpenetrated polymeric silica net-
ork which was expected to cause higher thermal stability. Low

hrinkage values were obtained for sphere incorporated systems
roviding desired higher thermal stability by reducing the extent
f thermally activated microcrack formation. These 2-structural sil-
ca membrane structures enabled the investigation of detailed gas
ransport/permeation studies and future research should be con-
ucted for their efficient use towards gas separations like N2/CO2
eparation.
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